These methods are roughly classified into the following two groups. One includes those by controlling the interparticle interaction through salt concentration change (6) and by causing colloid particles to form twodimensional clusters through addition of oppositely charged surfactant (7) , both of which make use of the properties of colloid particles. The other includes the widely used active self-assembling method of solute condensation in which colloid particles are allowed to organize themselves using the lateral capillary force generated upon water evaporation from a drop of colloid dispersion placed on the substrate (8-10) and the particle manipulation method in which colloid particles are arranged one by one on the substrate with a microneedle, laser (11, 12) , and a scanning probe of atomic force microscope (13) , all of which are the methods of arranging colloid particles with the aid of applied external forces or supplied energy. However, the flow transportation-accumulation method permits no reversible control of particle arrangement and the particle manipulation method hardly allows to arrange a large number of colloid particles at one time though it enables to arrange the particles one by one in any desired pattern.
Meanwhile, the use of electric field as the externally applied force is expected to permit a large number of colloid particles to arrange themselves easily at one time (14, 15) . In fact, colloid particles can be arranged in chains with the use of dielectrophoresis and/or electrophoresis (16, 17) and they are allowed to gather in the region on the stronger field side (or weaker field side depending on the relative permittivity of particle) of a non-uniform electric field (18, 19) . However, the control of particle arrangement using these methods considerably depends on the dielectric properties and charge of particles. In addition, Trau et al. have succeeded in preparing two-dimensional clusters on the electrode surface by using the electroosmotic flow generated upon application of DC or AC field (20, 21) .
Nevertheless, the particle arrangement obtained using external stimuli including electric field collapses and particles redisperse due to electrostatic interparticle repulsion and the Brownian motion of particles when the external stimulus is stopped. Therefore, the development is necessary of a method to fix the particle arrangement. We then attempted to arrange polystyrene particles with cationic and/or anionic polyelectrolyte molecules adsorbed on their surface in clusters on the electrode surface and fix the clusters formed there.
Experimental 1 Materials and Sample Preparation
Particles of polystyrene latex (PSL; Duke Scientific Co.) had a diameter of 4.988 0.035 mm. The polyelectrolytes used for adsorption were positively charged polyallylamine hydrochloride (PAH, M w = ca.70000; Aldrich) and negatively charged poly sodium 4-styrenesulfonate (PSS, M w =70000; Aldrich).
The PSL was diluted with distilled water for injection (Ohtsuka Pharmaceutical Co. Ltd.) to give a 0.05wt/v% dispersion (PSL0). PAH was added to PSL0 to make its concentration 1mg/ml and the mixture was stirred for 20min to allow the polyelectrolyte to adsorb on the latex particles. After the mixture was left to stand for 24hr to separate the particles by plain sedimentation, the separated particles were redispersed in distilled water to give a dispersion of PSL particles with PAH adsorbed on their surface (PSL1). PSS was then added to PSL1 to make its concentration 1 mg/ml and the mixture was stirred for 20 min to permit the polyelectrolyte to adsorb on PSL1 particles. After the mixture was allowed to stand for 24 hr during which the particles sedimented, the separated particles were dispersed again in distilled water to yield a dispersion of PSL particles with PAH and PSS adsorbed on their surface (PSL2). Similarly, a dispersion of PSL particles with three polyelectrolyte layers, PAH, PSS, and PAH, adsorbed in this order on their surface (PSL3).
Measurement and Observation
The adsorption of PAH and PSS on PSL particle surface was confirmed by measuring the zeta potential of the particles. Zeta potential measurements were conducted by the laser Doppler electrophoresis method using a NICOMP380ZLS (Particle Sizing System Co.). The concentration of PSL dispersion was 0.05 wt%. Figure 1 shows outline of the electrode used for our experiments. Two transparent indium tin oxide (ITO) electrodes (15 Ωcm -1 ) were placed 500 mm apart from each other and 13 ml of sample dispersion was injected into the gap between the electrodes. The electrode spacer was a silicon sheet. DC (1.5 V) and AC (1. 
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with a Nomarski-type differential interference optical microscope (IMT2, Olympus) and monitored with a CCD camera (CS900, Olympus), and the digital images were recorded with a video cassette recorder (WV-DR7, Sony).
Results and Discussion

1 Adsorption of Polyelectrolyte on PSL
The adsorption of PAH on PSL was evaluated by measuring the zeta potential of the particles. Figure 2 shows the relationship between z-potential and the concentration of added PAH, indicating that the z-potential of PSL0 particles is about 70 mV. Addition of PAH abruptly decreased the absolute value of z-potential and caused a change in the sign of the potential from negative to positive at 0.1mg/ml. This is evidently brought about by the adsorption of PAH on the surface of PSL particles. Such change in the sign of z-potential produced by polyelectrolyte adsorption has also been reported by Akari et al.(22) and Fuchs and Killmann (23) . PAH adsorption seemed to be saturated at added PAH concentrations above 0.2 mg/ml because the zpotential of the particles remained almost unchanged at 35-40 mV. 
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While the particles were dispersed ( Fig. 3(a) ) in the absence of PAH (point (a) of Fig. 2 ), they formed aggregates ( Fig. 3(b) ) at an added PAH concentration of 0.05 mg/ml (point (b) of Fig. 2) . The particles were dispersed again (Fig. 3(c) ) with further increase in the added PAH concentration to 1.00 mg/ml (point (c) of Fig. 2) . Particle aggregation observed at 0.05 mg/ml PAH addition would be caused by a weak electrostatic interparticle interaction because the z-potential of the particles changed from 70 mV in the absence of PAH to +7 mV at 0.05 mg/ml PAH addition. Further PAH addition (0.2 mg/ml or more) would allow the particles to disperse again due to a strong electrostatic interparticle repulsion because of the increased z-potential of the particles (about +40mV).
Changes in z-potential were then measured for the particles covered with layers of oppositely charged polyelectrolytes alternately adsorbed on their surface. The way of alternately covering a surface with cationic and anionic polyelectrolytes has been known as Caruso's method of hollow capsule preparation (24) (25) (26) . Figure 4 shows the z-potential of PSL particles treated with PAH, PSS, and PAH in this order at 1 mg/ml for each polyelectrolyte, which revealed that the sign of charges on the particle changed alternately according to the charge on the polyelectrolyte in the outer adsorbed layer. These findings demonstrate that the charge on the surface of PSL particles can easily controlled by alternate adsorption of cationic and anionic polyelectrolytes.
2 Clustering of PSL Particles in Electric
Field A portion of PSL0 was poured into the electrode cell shown at Fig. 1 and the behavior of the particles on the lower electrode in the applied electric field was observed with the optical microscope. The particles formed two-dimensional clusters each consisting of about ten particles when a DC field (1.5 V) was applied between the electrodes with the lower electrode being positive, whereas the particles were dispersed in the absence of applied field due to their Brownian motion even though they were concentrated on the electrode. The clusters formed were disrupted upon applying a DC field with the lower electrode being negative. This means that we can control the formation and disruption 
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of clusters by reversing the direction of DC field. That is, when the particle (negatively charged) and the electrode in contact with the particle are oppositely charged, an attractive force acts between them to allow cluster formation while if both of the particle and the electrode have the same sign of charge, a repulsive force acts between them, leading to cluster disruption. Although application of an AC field (1.5 V rms , 1 kHz) caused PSL particles to form large monoparticle-layered clusters consisting of several tens particles, the particle packing was loose and the particles in each cluster were observed to undergo Brownian motion even in the presence of applied field. The observed cluster formation would be caused by a force that enables the particles to move laterally and is generated by the electroosmotic flow near the electrodes produced upon application of the field (27) (28) (29) as shown in Fig. 5 .
Closely packed clusters were formed when the DC field (1.5 V) was applied with the lower electrode being positively charged because a lateral attractive force for cluster formation was always generated by electroosmotic flow. The cluster formation would be limited, however, to neighboring particles because the electrostatic electrode-particle attraction is so strong that the lateral movement of particles and clusters is restricted.
Although application of AC field that always changes direction according to frequency allowed PSL particles to form large clusters consisting of several tens particles because the restriction of lateral particle movement was rather weak, the packing of particles in clusters was loose due probably to the alternating action of lateral attraction (with the lower electrode being positive) for cluster formation and that (with the lower electrode being negative) for cluster disruption.
These findings suggest that closely packed large clusters are hardly formed when DC or AC field alone is applied. We then attempted to apply a DC field (1.5 V with the lower electrode being positive) and an AC field (1.5 V rms ) simultaneously. Figure 6 shows the microscopic images of PSL0 under application of DC and AC fields. The field application caused the particles to form closely packed large single-layered clusters consisting of several tens particles (Fig. 6(b) ) though the particles were concentrated and dispersed due to their Brownian motion on the electrode before the field was applied (Fig. 6(a) ).
When a DC field is applied with the lower electrode being positive, the lateral attraction for cluster formation always acts on the particles. An additional application of an AC field causes the restriction of lateral particle movement to reduce at the moment when the lower electrode is negative, thereby presumably enabling the particles and clusters formed to move laterally to form closely packed large clusters consisting of several tens particles. Removal of the fields leads to gradual cluster disruption and particle dispersion (Fig. 6(c) ). Simultaneous application of a DC field with the lower electrode being negative and an AC field always promotes particle redispersion due to the lateral attraction for cluster disruption.
Adhesion of Polyelectrolyte-Coated PSL Particles in Electric Field
Arrangements and clusters of particles formed with the aid of external stimuli including electric field disintegrate when the stimuli are removed. Fixation of clustered particles on the substrate is important when their industrial applications such as colloid crystals are considered. We then examined the fixation of clusters of PSL particles coated with polyelectrolytes on the substrate.
Simultaneous application of a DC field (1.5 V with the lower electrode being negative) and an AC field (1.5 V rms ) to a PSL1 dispersion (Fig. 7(a) ) produced twodimensional clusters consisting of several tens particles (Fig. 7(b) ) as in the case of PSL0 dispersion. The clusters remained unchanged without redispersion when the fields were removed 20min after field application (Fig.  7(c)) . Moreover, the clusters were maintained even when the reversed DC field was applied after the removal of the fields. This demonstrates that cluster fixation is achieved by coating PSL particles with PAH. would arise from the interwinding of PAH chains and not from the electrostatic repulsion between the particles. 
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the order, PSL0 > PSL1 > PSL2. In particular, PSL2 particles formed no closely packed cluster (Fig. 8(c) ) though they approached one another in short distances, in contrast to PSL0 (Fig. 8(a) ) and PSL1 ( Fig. 8(b) ) particles. This would be due to the steric hindrance of adsorbed polyelectrolyte molecules that prevents PSL2 particles from packing closely. This would in turn indicate that the packing of PSL particles on the substrate could be controlled by choosing the number of adsorbed polyelectrolyte layers.
Mixing of PSL1 (positively charged) and PSL2 (negatively charged) particle dispersions at 1:1 volume ratio was found to cause the particles to form random aggregates (Fig. 9) before field application.
Conclusions
Repulsive forces such as electrostatic repulsion are needed to act between fine particles in water so that they remain stably dispersed without aggregation in the absence of applied electric field. Application of external forces including electric field are necessary to overcome the repulsive force acting between the particles and enable them to approach and adhere to each other. Further, entanglement of polymers adsorbed on the particle is required to fix clusters consisting of adhered particles on the substrate.
Coating the surface of PSL particles with a polyelectrolyte (PAH) thus allowed us to fix single-layered particle clusters formed on the electrode even after removal of applied electric field.
